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Abstract Eight compositions of Cu>Mn-Zn alloy in a-phase and mixed-phase (a -p p) legions have been analysed both in the annealed and told-
vMirked states cm pl^ ing Rictvcld’s powder structure refinement method and Warren-Averbach’s method of X-ray line profile analysis The detailed 
iiiKrostructure has been analyzed in terms of several parameters depicting lattice iiiipeifections like, stacking faults, particle si/cs (coherently 
diffracting domain), r.m s strains, dislocation densities, lattice parameter change e t( A specially prepared Si standard has been used in the Rielvcld 
software for accurate estimation of instrumental broadening in the peak-broadening analysis Grain si/e and shape, grain-boundaiy siiuctures and 
several other metallographic features are obtained from optical microscopy studies Vickers' niicrohardncss values aie measuied and finally, different 
correlations amongst various parameters obtained from these studies are established It is interesting to observe that the defect microstructures of the 
Cu-Zn-Mn alloys arc primarily contiolled by the presence of transitional solute Mn which precipitates continuously and discontmuously inside the 
r^am. at the gram-boundary or in the form of dendritic networks
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1. Introduction
Materials w ith  d esired  p rop erties can be ob ta ined  by con tro llin g  
ihc d efec t m icro stru ctu re  and the m icrostructure o f  a m aterial 
can be w e ll ch a ra cter ized  from  an a n a ly s is  o f  X -ray pow d er  
djffraction lin e  p r o file s  [ 1- 8] that p ro v id es a n on d estru ctive  
indirect m eth o d  for  o b ta in in g  a large n um ber o f  m icrostructural 
parameters, lik e  co h e r e n tly  d iffra ctin g  d om ain  (particle  s ize ) , 
r.m.s. stra in , s ta c k in g  fa u lt d e n s ity , s ta c k in g  fau lt en erg y , 
d islocation  d en sity , resid u a l stress  etc.
In the p resen t study , e ig h t c o m p o s it io n s  o f  a strongly  non- 
corrosive  ternary  C u -M n -Z n  a llo y s  ( in d u str ia lly  k n ow n  as 
C ow les h ig h  m a n g a n e se  b ra ss) h a v e  b een  ch o sen  to m onitor  
ihe in flu en ce  o f  th e  tran sition a l so lu te  (M n ) on the d e fec t su b ­
structure o f  b inary  C u -Z n  a llo y . T h e  d e fe c t  m icrostructure o l 
the a l lo y s  p r im a r ily  h a s b e e n  c h a r a c te r iz e d  by  e m p lo y in g  
Riel veld ’s p o w d er structure refin em en t m eth od  [1 -3 ] and Warren- 
Averbach’s X -ra y  lin e  p ro file  a n a ly s is  [5 ]. In an earlier study [9]
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on this a llo y  sy s te m , ad o p tin g  o n ly  the W arrcn-A vcrbach’s 
m ethod 15], it w as reported that the presen ce o f  the transitional 
so lu te  M n d o es  not in llu en cc  the m icrostructure o f  the a lloys. 
But, its presence w as said to im p o se  so m e restrictions on further 
n u cleation  o f  d e fec ts  in the la ttice . In our recent w ork 110], the 
co ld -w o rk ed  slate o f  the a llo y s  w as an a lyzed  by em p lo y in g  X - 
ray p rofile  fitting (in d iv id u a l p ro file ) and m od ified  W arren- 
A verhach's an alysis [11]. T he o b servation s w ere how ever, quite  
different. D u e to lim ita tion s o f  the sa id  m ethod  o f  an a ly sis , the 
m icrostructure o f  the annealed  m ateria ls cou ld  not be properly  
characterised . To acco m p lish  the m icrostructure o f  a llo y s  both  
in a n n ea led  and c o ld -w o r k e d  sta tes  as w e ll as to  estim a te  
quantitatively  the p h ase abundance in the m ultip h ase a llo y s , 
w c have adopted  R ietveld 's w h o le  profile  fitting pow er structure 
refin em en t m ethod  [1 -3 ]. W e h ave  n o ticed  by ap p ly in g  th is  
im proved  techn ique o f  X -ray  p ro file  refin em en t that M n p lays a 
sign ifican t role in in flu en cin g  the deform ation  m icrostructure o f  
C u-M n-Z n  a llo y s  and the o b servation  is further su p p lem en ted  
from  the m easure o f  m ech a n ica l property o f  hardness o f  the  
materials.
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2. Experimental
F o llo w in g  e ig h t d ifferen t c o m p o s itio n s  o f  ternary C u-M n«Z n  
a llo y  sy stem  in the C u -so lid  so lu tio n  (tt-p h a sc) range and in the
m ix e d  p h a se  r e g io n  (a -k- p{a — Mn)) w ere  prepared  from
s p e c t r o s c o p ic a l ly  p u re  m e ta ls  su p p lie d  by M /s  J o h n so n ,  
M atth cy  and C o ., L td ., L o n d on , fo llo w in g  the sam e procedure  
as adopted  earlier  |9 ,  10]:
Cu< (1 , 1 0 ,2 0 ,3 0 )  wt%  M n- \0v^t% Zn  
and C u- ( 1 ,1 0 ,2 0 ,3 0 )  wt%  M n*20 wt%  Zn.
A fter m elting under vacuum  in the tem perature range o f  1273- 
1423K , the a llo y  in g o ts  w ere  h o m o g e n iz e d  at about 2 /3  o f  the  
m eltin g  tem perature o f  the re sp ectiv e  a llo y s , in the tem perature  
range o f 9 2 3 -1 0 2 3 K  for 10 d ays. N o  s ig n ifica n t w e ig h t lo ss  w as  
d etec ted  e x c e p t so m e  grain  r e c r y s ta ll i /a t io n  for p ro lo n g ed  
h ea tin g . C o ld -w o r k in g  by hand f i l in g , o b ta in in g  a n n e a le d  
standard ( 7 2 3 K for lO h) and preparation  o f  flat d iffra cto m eter  
sa m p les w ere m ade fo l lo w in g  the sa m e p roced u res as adopted  
earlier [9, 10|.
T he X -ray  p o w d er  d iffra ctio n  p r o file s  o f  both  the c o ld -  
w ork ed  and an n ea led  p o w d er  sa m p les  w ere recorded  u sin g  N i-  
filtercd  CuK^ ^^  rad iation  from  a h ig h ly  sta b ilized  P h ilip s X -ray  
generator (P W  1 1 3 0 ) op eratin g  at 4 0  kV  and 2 5  m A , co u p led  
w ith a Philips X -ray pow der d iffractom eter (P W  1710). T he step- 
.scan data ( o f  step  s iz e  0.02^  ^ 2$  and co u n tin g  tim e 1 5 -2 0 s  
d ep en d in g  on the peak  in ten sity ) for en tire angu lar range o f  the 
exp erim en ta l .sam ples w ere  stored  in a P h ilip s P C , co u p led  w ith  
the p o w d er d iffractom eter. A  sp e c ia lly  p ro cessed  S i-p o w d er  
sam p le [1 2 ] w a s u sed  as in.strum cntal standard in R ie tv e ld 's  
a n a ly sis  |3 | .
3. Microstructure evolution by X-ray diffraction
C haracterization o f  m icrostructurc o f  d ie m aterials has been m ade 
em p lo y in g  both  the R ietveld 's w h o le  p rofile  fillin g  m ethod  [ 1-3J 
and m o d ified  W arren-A verbach's m eth o d  (5 ,11  ]. For fitting o f  
the exp erim en ta l p ro file s , in the presen t study, the m o st su itab le  
p se u d o -V o ig t a n a ly t ica l fu n c tio n  [1 3 ]  is  a d op ted . A n X -ray  
p ow d er d iffraction  p rofile  can  be w e ll d escribed  by a con vo lu tion  
relation [131:
/< (26) =  [B  *(S * A)](2d)+bkR , ( 1)
A(26) =  e x p [ - a ,  \2e-2e^\  tan ( 2 e „ ) ] ,  
w h ere  a is  the a sy m m etry  param eter.
(2)
For both the Ka^ and K a 2 p ro files, the B(20) jjnd Si20) 
m ay be represented  by the p seu d o -V o ig t fu n ction  [ 13] :
pV(x)=  [ n n x ) + ( i - T j ) G ( . t ) ] ,
a la 2 (3*
w h ere  the C a u ch y ia n  c o m p o n e n t C (a ) =  (1 +  .1“ ) ‘ and ilu. 
G a u s s ia n  c o m p o n e n t  G (.v) =  ex p  J - ( ln 2 ) - \“ j w u h
A- =  ( 2 0 -  200) /H W H M  and H W H M  =  ‘/ 2F W H M  == (U tan ' 0 
+  V ta n 0 -f , w h ere  ( / ,  V' and W arc c o e ff ic ie n ts  o f  iln 
quadratic p o ly n o m ia l, rj is the G a u ssia n ily  o f  X -ray  peaks, 0, 
IS the B ragg  a n g le  o f  Ka^ peak and / is the sca le  factor ol iIk
fu n ction  [1 3 ].
T h e p o w d er  d iffra ctio n  patterns w ere s im u la ted  providmi* 
all n ecessa ry  stru clu ia l in form ation  and so m e  starting values ol 
m icro.structural param eters o f  in d iv id u al p h ases w ith the help oi 
the so ftw a re  L S I |3 | .  In itia lly , the p o sitio n s  o f  the peaks were 
corrected  by s u c c e s s iv e  re fin em en ts  for sy stem a tic  errors h\ 
tak ing in to  accou n t the zero -sh itt error and sam ple d isp laccm eni 
error (h ), w h ere  AO,, = 2 / i c o s 0 / / ?  , R is ihe rad ius o l ihc 
goniom eter.
C on sid er in g  the in tegrated  in ten sity  o i the peaks, a iunclKwi 
o f  structural p aram eters o n ly , the M arquardt least squ.iu-^ 
p roced u res w ere adopted  to m in im ize  the d ifferen ce  b c lw a  i- 
ob serv ed  and sim u la ted  p ow d er d iffraction  patterns [3 | The 
rn im m r/ation  is  ea rn ed  out by u sin g  the reliab ility  index f< 
(w e ig h t e d  r e s id u a l erro r ). T h e  g o o d n e s s  o i fit (G o F )  
esta b lish ed  by co m p a rin g  R^ y w ith  R^ ,^  ^ lead in g  to tlie value  
G or^{R yR ^,^ /^ \X \M
T he m ateria ls stu d ied  in the presen t ca se  arc m ultiphase  
T he R ie lv c ld ’s m eth od  is n o w  b e in g  su c c e s s fu lly  applied  h i 
determ in ation  o f  q u an tita tive  p h ase abundance o f  coniposiiL  
n uileria ls [13-16]. T here is  a s im p le  re la tion sh ip  betw een  (Ik 
in d iv id u a l sc a le  fa cto rs, d e te n n in e d  c o n s id e r in g  all rd in ed  
structural param eters o f  individual p hases o f  a m ultiphase sample, 
and the p h ase con cen tra tio n  (v o lu m e  fraction ) in the m ixuire 
T h e w e ig h t fraction  ( W ) for  ea ch  p h ase ob ta in ed  from  iIk 
refin em en t relation  i s :
H' = S,(Z M V ),l '^S ,(Z M V ), (4i
w h ere  * is  th e c o n v o lu t io n  sy m b o l, 'bkg* is the fourth order  
p o ly n o m ia l fu n ctio n  for  b ack grou n d  rep rod u ction , 0( 20) is  
the true b ro a d en in g  o f  the p ro file , 5 ( 2 0 )  is the sy m m etric  part 
o f  the instrum ental p ro file  and A(26) is asym m etric  co m p o n en t  
o f  the in stru m en ta l p ro file ;
w here 5^ . Z  and V are the sca le  factor, the number o f  molecules 
per unit c e ll , the m o lecu la r  w e ig h t and u n it-ce ll v o lu m e  of pha.se 
/, and the su m m ation  is  o v er  all p h a ses pre.senl 13]. T h e structuie 
refin em en t a lo n g  w ith  s ize -stra in  b ro a d en in g  w a s earned  out 
s im u lta n e o u s ly  b y  a d o p tin g  th e  standard  p roced u re  [3j. An 
im p rovised  approach [1 4 ] has a lso  b een  con sid ered  in the present 
study to estim ate the an isotropy in crysta llite  s ize  and micro.strain 
from  the s ize -stra in  sep aration  a n a ly s is .
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y ! Size-strain analysis :
The basic consideration of this method is the modeling of the 
diffraction profiles (broadened due to instrumental settings, small 
particle size and r.m.s. microstrain) by an analytical function 
(Pseudo-Voigt) which is a combination of Cauchy ian. Gaussian 
and asymmetry functions as well [13]. Being a linear combination 
o f  Cauchyian and Gaussian functions, the pV function is the 
most reliable peak-shape function and is being widely used in 
Rictvcld .structure refinement software [3.6-11.13J. Following 
the single-peak method for Fourier analysis | llj. the particle 
si/e(D) and r.m.s. .strain ( <  values in different directions
liave been obtained. Due to anisotropy in particle size and 
microslrain values, profiles with different Miller indices are 
broadened in different manner and this effect frequently creates 
problems in Rietveld .structure refinement [31. To consider the 
influence of anisotropy in particle size and r.m.s. strain values in 
the profile shapes, the tensors similar to the temperature factors; 
for particle sizes and microstrains in different crystallographic 
directions, have been used |3j.
By using the LSI software [3] and following the 
methodology as outlined above, the Rietveld analysis [1-3] has 
been made to study the microstructurc of single and multipha.se 
materials. Profile refinement continues until convergence is 
I cached in each case, with the value of the quality factor (CJoF) 
approaching I. I'he typical output of the above analysis contains 
information regarding amsotropic/effcctive and
(< >  ‘ lattice parameter, atomic positions, occupancy
lactors, temperature factors, preterred orientations cf r .  I ’aking 
the results of this analysis, the defect microstructurc of the 
materials in terms of other types of latliec imperfections, has 
been obtained in the following way ■
(i) The compound fault probability parameters for Cu-Mn- 
Z n  (fee) phases have been eslmiated by adopting ihc Wairen- 
Aveibach broadening analysis [5| and employing the following 
relevant expression .
Ma' - t u" ) +p=  |,7fvi| /),, ,  -  [ / / ) , , , /> (5)
where « is the lattice parameter, e x ' and ( x "  are intrinsic and 
extrinsic stacking faults probabilities respectively. j3 is twin 
faults probabilities, |5, V), 10] and D’s are the particle si/es in 
diffcrentdircctions.
(ii) Using the values of particle si/es and rm.s strains, the 
dislocation density (p ) values have been evaluated |I 51 
following the same procedure as adoj)ted eailiei in some leccnt 
X-ray line broadening analyses [7-10] :
P ^ iP n  Ps) 1/2 (b)
where P/) (due to particle si/.e) -- M f P  and Ps (due to stiain 
broadening) = ^ / h "  . where < r '/‘ > is the mean
squared microslrain. K  - t i K  for Gaussian strain distribution 
and h is the Burgers vector and i t s  value i s a/V2 lor | 1 10) 
direction of the fee structure.
4. Results and discussion
bigure I (a) shows simie X-ia> powdei diliraetion patlerns ol 
annealed and cold-worked C'u-Mn-Zn alloys. It is evident from 
the figure that cold worked profiles are broadened than Iheii 
annealed counterpart. Figure 1(h) shows a typital Rietveld's 
refined X-ray power diffraction pattern of annealed ( 'u-3()Mn 
2()Zn alloy. The pattern reveals that the alloys arc prepared in 
mixed pha.se icgion - primary pha.se is ( 'u base C'u Zn Mn .illoy
40 60 80 100
Figure 1(a). X-ray powder diffraction patterns of sonic annealed and cold-worked C^ i Mn-Zn alloys
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( f e e )  and the seco n d a ry  p h a se  is a -M n  (A  12; cu b ic ) . A s  a -M n  
lin e s  are very c lo s e  to the lin e s  o f  prim ary p h ase  ( in se t) , the  
W arren-A verbach's F ourier  m eth od  [5] fa ils  to  a n a ly ze  th ese
1500-
1000-
^  500-
( a ' ) and ex tr in sic  ( a " ') nature, (b ) ch a n g e  in lattice parameter 
( A a /a ^ )  and (c )  lo n g  ra n g e  resid u a l stress ( a  ). A s  both the 
e ffe c ts  o f  the resid u a l stress  and la ttice  param eter ch a n g e are 
' — r -    ............ 1----------- -------
A^i
3« (dagratj
4?
I
mifm
40 60 80
2e (degree)
— I—  
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Figure 1(b). X-ray powder diffraction pattern of annealed Cu 30Mii'20Zn (IJ  
refined by Rietveld’s whole profile fitting analysis (I )
Inset magnified critical region showing nearly overlapping peaks of two phases
o v er la p p in g  p ea k s. T h e  R ic tv e ld ’s w h o le  p ro file  re fin em en t  
m ethod  [1 -3 ] ad op ted  in the p resen t study, not o n ly  en su res  
v e r y  a c c u r a te  e s t im a t io n  o f  b a c k g r o u n d s  o f  o v e r la p p in g  
re flec tio n s  but a lso  p ro v id es  es t im a tio n s  o f  in d iv id u a l p h a ses  
and thereby  g iv in g  very accurate  resu lts o f  the m icrostructural 
param eters o f  ea ch  phase. T h e G o F  v a lu es o f  R ie iv e ld ’s an a ly sis  
o f  total s ix teen  sa m p le s  vary from  1.0 to 1.14 , in d ica tin g  h igh  
accu racy  in the structure re fin em en t a n a ly s is .
4.1 Peak shift analysis :
T he re la tive  p ea k -sh ifts  b e tw een  su c c e s s iv e  pairs o f  re flec tio n s  
o f  a n n ea led  standard  and  c o ld -w o r k e d  sa m p le s  h a v in g  fee  
structure, g iv e  inform ation regarding (a) stack ing  faults o f  intrinsic
very sm all for p o w d ered  m ateria ls [6- 101, the peak -sh ifl analysis 
has b een  d o n e  by (i)  c o n s id e r in g  the entire p eak  sh ift so le ly  diu 
to  d e fo rm a tio n  s ta c k in g  fau lt p ro b a b ility  < a > = ( a ' - a " i  
a lo n e , ( ii)  co n sid er in g  the c o m p o s ite  e ffe c ts  o f  lattice paramctci 
ch a n g e  ( Aa l a ^ ^ )  and sta ck in g  fau lt p rob ab ility  < a>  ami iho 
resu lts are sh o w n  in 'fa b le  1. In the so lid  so lu tio n  range, the 
p eak -sh ift is  m ain ly  in flu en ced  b y  the con cen tra tion  o f  stacking  
fau lts b eca u se  (Aala^^^) v a lu e s  arc very  sm all m com p arison  U' 
< a >  v a lu es . It is  a lso  e v id e n t that < a >  v a lu es  for C ii-M n  
HJZn a llo y s  increase s lo w ly  w ith  in creasin g  M n co n cen lia iio n s  
T h e nature o f  variation  is  a lm o st s im ila r  to b inary C u-Z n alios  ^
[ 10, 15]. T h is  o b serv a tio n  is  q u ite  d ifferen t from  the earlier one 
[9 ], w h ere  the < a >  v a lu es  rem ain  co n sta n t w ith  increasing
Tabic 1. Microstructural parameters for cold-worked Cu-Mn-Zn alloys
Samples Lattice parameter
(A)
A a  f «  =
< a ' -  a * ' >
a  =
< a ' -  a "  >
1.5(a'+ «")■+•/?
(wt%)
<a„) a .
X K f X lO"
{ A a J  =0)
X 10'
ann
X 10'
cw
Cu-IMn-lOZn 3.6403 3 6399 -0 .0 5 6.23 4 89 0.72 40.67
Cu-IOMn-lOZn 3 6762 3.6778 -0 .5 8 6 .90 5.79 1 50 55.21
Cu-20Mn-10Zn 3.7116 3 7118 -0 .1 4 8 95 9 .82 0 .00 58.20
Cu-30Mn-10Zn 3.7186 3 7325 3.27 9.01 12.46 0.22 68.80
Cu-lM n-20Zn 3.6614 3.6662 0 85 7.93 8 23 0.93 68.86
Cu-10Mn-20Zn 3.6955 3.7015 1.17 8.09 8.69 1.76 74.82
Cu-20Mn-20Zn 3.7202 3.7325 2.07 8.91 9 .86 1.68 77.39
Cu-30Mn-20Zn 3.7190 3.7533 8.01 9.07 15.27 2.08 79.13
C orrelation between niicrostructure and  m echanical property etc 6 1 ]
Mn co n cen tra tio n s. F or a llo y s  w ith  h ig h er  M n concentration  
[ fcc-^a-  M n), < a >  v a lu e s  a re  q u i t e  h ig h  w h e n
contribution  of (A a /a ^ )  is n eg lec ted . H ow ever , con sid er in g  
(he c o m p o s ite  e f fe c t , < a >  v a lu es  fo llo w  up the a b o v e  trend  
(if variation but ( ^  /  ) va lu es vary sign ificantly , w hich im plies
that the p eak  sh ift in  the m ix e d  p h a se  reg io n  is con tro lled  by 
both th ese  tw o  e f fe c ts . T h e  c h a n g e  \n (A a la^)  v a lu es has a lso  
been r e f le c te d  in th e  c h a n g e  o f  la ttice  p aram eter v a lu es  o f  
annealed  and c o ld -w o r k e d  a llo y s  (T ab le  1). For C u -M n -20Zn 
a lloys, < a >  v a lu es  rem ain  a lm o st constant w ith  in creasin g  
Mn co n cen tra tio n s  and the nature o f  variation  is qu ite s im ilar  to 
binary C u -M n  a llo y  [1 6 ] as w e ll  as to  the earlier  stu d ies [8 -1 0 ]. 
Such variations in <  a  >  va lu es in h igher M n content C u-30M n- 
lOZn and C u -3 0 M n -2 0 Z n  a llo y s  m ay  d ep ic t the in llu cn ce  o f:  
transitional so lu te  in arresting  the ev tilu tio n  o f  stack in g  faults^ 
[8- 10]. T h e p resen ce  o f  a -M n  p h a se  in the an n ea led  sa m p les is 
also e v id e n c e d  in th e  r e sp e c t iv e  X -ra y  d iffra c tio n  patterns  
(F igures 1(a) and (b )); h o w ev er , in the co ld  -w orked  patterns, a -  
Mn p eak s co u ld  not he traced  out due to o v er lap p in g  resu lts
from  peak broaden ing. T h e e x c e s s  am ount o f  M n (a - M n ) along  
w ith  their resp ectiv e  particle  s i / e  and strain va lu es in the m ixed  
phase a llo y s have been estim ated  from the R ictveld 's |3 ]  analysis  
(T ib le  2).
T abic 2. Mierostructure ot a -M n  in the mixed phase alloys
.Sample
(Wl%)
Lattice
p a iam etc i
(A'O
\Wl% 
((X Mn)
Particle
si/.e
(A")
Kins
stiain
X 10"
Cu-m M n-K JZii  (anil) 8 5S94 0 72 260 1 o :
Cu 3()Mn lOZn (cw) 8 2 07 80 26 42
Cu ^0M n '20Z n  (ann) 8 6086 20 7S 270 0 61
Cu-30Mn-20Zn (cw) 8 9470 5 8(1 34 46 16
4 . 2  P e a k  b r o a d e n i n g  a n a l y s i s  .
For peak broaden ing a n a ly sis , a s in g le  line peak broadening  
te c h n iq u e  is  a d o p te d  in th e R ie lv e k l  p o w d e r  str u c tu r e  
refinem ent metluMj |3 , 1 1 ]. In the present work, besides R ietveld’s 
m eth od , Warren A v erb a ch ’s m eth od  |5 ]  o f  peak broadening
T ab le 3 (a ) . Mtcroslruciural  parameters of  annealed pouders  o( C'u-Mn-Zn alli>V‘
Samples
(Wl^r)
Partic le
size
(IX*)
(A ”)
Strain
* /
X 10"
l>s,
(A")
nislvicadon 
density ( p  )
X 10
(cin/cin*)
X 10
(un/t in')
(1111 MOO) I Ml ) (100) n i l ) IlOO) n i l ) [1001
Cu-lMn^lOZn 700 726 0 0 0 0 11741 50X4 0 004 0 004 0 004
Cu-IOMn-IOZn 670 580 0 0 0 0 5652 2447 0 00() 0 005 0 006
Cu-20Mn-l()/n 570 570 0 0 0 1 cso 0 018 0 027 0 023
Cii-3()Mn-10Zn 548 538 13 1 49 8 38684 16750 6 9 8 6 7 76
ru-lMn-2()Zn 788 708 0 7 ! 2 9131 3954 025 0 49 0 37
Cu-10Mn-2()Zn 660 560 6 3 0 5 4841 2096 0 28 4.9 2 6
Cu-20Mn-20Zn 640 550 13 1 14 3 5120 22 17 5 8 7 4 6 6
Cu-30Mn-20Zn 627 523 17 1 23 7 4129 1788 7 8 13 0 10 4
T ab le  3 (b ) . Microslructural parameters of cold worked powders of Cu-Mn-Zn alloys
Particle Strain Dislocation P . .
Samples size (A") density ( p  ) X 10"
(wt%)
(De)
(A “)
X 10' X 10 "
(cm/cm*) (cin/cnd)
[111] MOO] M il l (1001 M il] [100] i m j 1100]
Cu-lM n-lOZn 175 83 2.1 3 5 207 89 3.5 12 2 7.9
Cu-lOMn-IOZn 156 67 2.9 4 9 154 67 5 3 21.2 13 3
Cu-20Mn-10zn 154 65 2 9 5.0 147 64 5 4 21 8 13 6
Cu-30Mn-10Zn 130 55 3 2 5 0 125 54 7 0 25.8 16 4
Cu-lM n-20Zn 133 55 2 1 3 5 123 53 4 6 18 5 11 5
Cu-10Mn-20Zn 129 52 2.9 4.3 1 14 49 6 4 23 5 15 0
Cu-20Mn-20Zn 128 51 3.2 5.4 1 1 1 48 7 1 30.1 18.6
Cu-30Mn-20Zn 126 50 3.9 5.9 109 47 8.9 33 5 21 2
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a n a ly s e s  is  a ls o  c o n s id e r e d  for  d e ta ile d  a n a ly s is  o f  d e fe c t  
in icro stru ctu re  o f  the a llo y s . F rom  R ic tv e ld  a n a ly s is  11-3J, 
anisotropic p a n ic le  s ize  (e ffec tiv e ) and r.m.s. m icrostrains  
f<  €j  ^ iMiX) /t'' I a lo n g  [ 111] and [ 100] have been  evaluated  
lo r  all the a llo y  co m p o s itio n s  both m annealed  and co ld -w o rk ed  
states. T he ev a lu a tio n  o f  m icrostructure o f  an n ealed  m ateria ls  
b e c o m e s  p o s s ib le  a d o p tin g  s p e c ia l ly  p rep ared  S i [1 2 ]  as  
instrum ental standard. In this respect, R ietv c id ’s m ethod |3 |  g iv e s  
m uch m ore in fo m ia iio n  than any other c la ss ica l m eth od  o f  peak  
b road en in g  a n a ly s is . M o reover, it is a lso  essen tia l to know , to  
so m e  ex ten t, the m icrostructure o f  an n ealed  m ateria ls for better  
e s t im a tio n  o f  the in f lu e n c e  o f  c o ld -w o r k in g  on the d e fe c t  
m icrostructure. 'Flic results in detail for annealed and cold-w orked  
m ateria ls, arc tabulated  in T ab les (3 (a ) and 3 (b ) resp ectiv e ly .
From  a co m p a ra tiv e  study o f  th ese  tabulated  resu lts, it is 
ev id en t that v a lu es  for c o ld -w o r k e d  sa m p les  (T able 3 (b ))  
d ecrea se  s lo w ly  w ith  in crea sin g  M n co n cen tra tio n  and their  
v a lu es are sm a ller  and m u ch  m ore a n iso trop ic  in nature than  
those from  the an n ea led  m ateria ls (F igu re  2). T h e r.m .s. strain  
<  f  / /  >  “ va lu es for co ld -w o rk ed  sam p les in general, arc larger 
than th ose from  the an n ealed  m ateria ls and increase s lo w ly  w ith  
in crea s in g  so lu te  co n cen tra tio n  in the so lid  .solution  range. 
H ow ever , sudden  in crease  in <  i' v a l u e s  for a n n ea led  
C u-3()M n- lOZn and C u-30M n-2(3Z n (m ix ed  p h ase) a llo y s , m ay  
be attributed to the g en eration  o f  m a cro stress  due to  coh eren t  
grow th  o f  a -M n  p h ase b eca u se  there m ay be a p h ase coh eren cy  
or cry sta llo g ra p h ic  o rien ta tion  re la tio n sh ip  b etw een  th ese  tw o
p h a se s . T h e r e fo r e , lo ts  o f  lin e  a n d  p lan ar d e fe c t s  such  as 
d is lo c a tio n s  and s la ck in g  fa u lts , gen erated  in the Cu-M n-Zn  
so lid  so lu tio n  m ay  further act as n u c lea lio n  s ite s  o f  a -M n . Thj  ^
ty p e  o f  co h e r e n t g ro w th  is  q u ite  c o m m o n  in m ix e d  phase 
m aterials 117].
o DiK11t)M0>ann •  Oe(111)(20}iKm A Oe(100K10>«nn ♦  De<100K?0|anr 
O Oe(111)(10}c«r ■ 0e(111)(20>cw ▼ D*<100)(10)cw M Oe(100)(20)oMy
150
100
50-
^ -------------
10 15 20
Mn(wt%)
25 30 36
Figure 2. PloLs of Mii composition \\\ pailick* si/e for aiincalcti 
worked Cu-Mn Zn alloys
T h e sla ck in g  fa u lt-d ep en d en t p artic le  s iz e  ) values  
d ecrea se  w ith  in crea sin g  Mn and Zn co n cen tra tio n s ( lahu v 
3 (a ) and 3 (b )) and their v a lu es  for an n ea led  sa m p les  arc quia 
high , w h ich  im p lie s  that the a n n ea led  m ateria ls arc a lm ost lie.
Figure 3. Optical micrographs of Cu-Mn-lOZn alloys : (a) sharp ami clean gram boundaries <Cu-lMn-10Zn), (b) tnhomogcncous distribution of (/ M" 
precipitates (Cu-30Mn-l0Zn). (c and d) particles a-Mn phase appeared as separate grains (Cu-30Mn-20Zn).
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from stack ing  fau lts. T h e  co m p o u n d  fau lt probabilily  param eters 
\\5 (a' + cc")^ P\ (T ab le  1) in crea se  s lo w ly  w ith  in creasin g  
solute c o n c e n tr a tio n s  and  the co ld < w ork cd  v a lu es  arc m uch  
m ore h ig h e r  th a n  th e ir  a n n e a le d  c o u n te r p a r t , in d ic a t in g  
significant in f lu en ce  o f  s ta ck in g  fau lts tow ards size  broadening. 
Hicse variation s are q u ite  c o m m o n  for co ld -w o rk ed  fee nicta lhc  
alloys and co rrob orate  the f in d in g s  o f  the earlier  o b servation s  
17 101. T h e d is lo ca tio n  d en sity  ( p  ) v a lu es o f  annealed  and co ld - 
worked m aterials are ca lcu la ted  u sin g  cq. (6) and show n in Tables 
3(a) and 3 (b ). L ik e  and  ^ v a lu es , p  va lu es arc a lso  
anisotropic in nature and for m ix e d  phase an n ealed  a llo y s ,
\ allies are q u ite  h ig h  in co m p a r iso n  to  the so lid  so lu tio n  a llo y s , 
which further co n firm s the accu m u lation  o f  d is loca tion s in m ixed  
phase m a te r ia ls . T o  th e  a u th ors' k n o w le d g e , su ch  ty p e  o f  
observations o f  m icrostru ctu re  in an n ea led  and coJd-w orked  
m atcrtals h a v e  not b een  rep orted  ear lier  U n lik e  the earlier  
o b serv a tio n  [9J, p  v a lu e s  in c r e a se  w ith  in crea s in g  so lu te  
Loncefitration, w h ic h  d e p ic ts  the m H u en ce o f  so lu te  on  the 
inicrostructurc o f  the a llo y  sy s te m . T he average d is lo ca tio n  
density ( p ,,» .) v a lu e s  for  a n n ea led  m ater ia ls in creases from  0  4  
1<) 1039 X 10^ cm /cm   ^and diat lor co ld -w orked  m aterials increases 
innn 7 .8 7 4  to 2 1 .1 5 8  x  10** ern/env^ w ith  in crea sin g  so lu te  
I M n -r /n ) co n cen tra tio n s
/ < Optical microscopy and microhardness studies .
1 he op tica l m icro g ra p h s (F ig u re  3) w ere  ob ta ined  u sin g  a (Carl 
/ c i s s )  h ig h  r e s o lu t io n  o p t ic a l m ic r o s c o p e , f o l lo w in g  the  
procedure as ad op ted  earlier  [ 7-1 Oj. For n iicroh ard n ess stu d ies, 
sam e e tc h e d  d is c s  w ere  u sed  and the n iicroh ard n ess v a lu es  
were m easu red  fo l lo w in g  the earlier  procedure [7 -1 0 ] using  
V ickers m ic r o h a r d n c ss  te s te r  a tta c h e d  to  the sa id  o p tic a l  
m icn»scope. T h e v a lu es  o f  the n iicroh ard n ess (//^,) have been  
reported e ls e w h e r e  110| and co n sid ered  here for esta b lish in g  
siiucture-property correlation  id*bulk annealed  and co ld -w ork ed  
alloys.
It IS o b se r v e d  that the (X-phasc g ra in s , in g en era l, w ere  
reduced in s iz e  w ith  in crea s in g  so lu te  co n cen tra tio n s and gram  
boundaries o f  s in g le  p h a se  a llo y s  w ere sharp and clean  (F igure  
3(a)). T h e m icro stru ctu rcs o f  m ix ed  p h a se  a llo y s  are so m ew h a t 
diilcrent. In C u -3 0 M n -I ()Z n , grain  b ou n d aries arc q u ite  sharp  
and the e x c e s s  a - M n  p a r tic le s  arc u n e v e n ly  d istr ib u ted  as 
precipitates o v er  th e a -p h a s e  gra ins (F igu re 3(b )). In C u-3()M n' 
2()Zn, the grain  b o u n d a r ies  arc q u ite  w id e  due to grow th  o l  
seco n d a ry  p h a se  a - M n ,  p r im a r ily  at the gra in  b o u n d a r ies  
(Figures 3 (c , d )). T he p resen ce  o f  a -M n  peaks in X-ray diffraction  
patterns (F ig u res  1(a) and 1(b )) a lso  corroborates the fin d in g s  
o f op tica l m icro sco p y .
F igu re 4 sh o w s  the va ria tio n s o f  average d is lo ca tio n  density, 
and a v era g e  p artic le  s iz e  b oth  for an n ealed  and co ld -  
w orked a -p h a s e  a llo y . T h e  varia tion  o f  m icro h a n d n ess vs 
stacking fau lt p rob ab ility , <oc> aga in st m icroh ard n css w as  
show n earlier  [ 101, T h e se  p lo ts  d ep ic t the nature o f  interrelation
betw een  the inicrostructurc and m echanical pro|X‘rty o f  the a lloys  
m easured  from  tw o  d ifferen t m eth od s o f  a n a lyses.
D p(cw)10/n ♦  p(CM020Zn A  p(«nn)102n ■ »KannV20Zn ^
+ D«(111)<10)cw A  0«(in)(20)cw> V  D«<100X10)W O LX»(1l)0)(20)cw j 
m t3e(111X10)»nn •  r)o<lO)<20)ann v  r>e(l00)00>»nn O l>ft(100K20)iinn,
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F ig u re  4. Plois of and 1) v.\ Vickeis' miLrohaidncs.s H  loi ( u Mn
Zn alloys
5. C o n c lu sio n
I'he ab o v e  study on slm ctu re-p rop crty  c o n e la lio n  ol C u-M n-
Zn alUn's leads to the fo llow ang im p o ila n l to n c lu s io n s
(i) T he d efect m icro.slruclurc o l m ixed  phase m a icn a ls  
c a n  be c h a r a c l c n / c d  in a b e t te r  w a y  u s in g  
sim u ltan eou sly  the R ielvcld 's and W arren-.^verhach's 
m eth od s ol a n a ly s is  rather than any sin g le  m ethod  
o( X -ray an a ly sis .
(II) F^oth th e  s o l u t e s  M n a n d  Zn c o n tr o l  th e  
rnieroslructure o l tlic ternary (of-phasc) a llo y s w ith  
M n exertin g  stronger m llu cn cc .
(m) In mullipha.se a lloy  e o m p o siiio n s  wath m ereasm g Mn 
and Zn con cen tration s, the m icrostruclu ic  is strongly  
m nuenced  b> the precipitation o f a  Mn regions inside  
the a - p h a s e  g ra m  and at the gram  b o u n d a r ie s  
resp ective ly .
( I V )  M ic r o h a r d n c s s  v a lu e s  //^ lo r  in u h ip h a sc  a llo y  
e o m p o s iiio n s  arc co n tro lled  by the lorm ation  of 0(- 
M n p h ases.
(v) A  c lo se  correlation  co u ld  he esta b lish ed  betw een  the 
m icro.slruclurc and m ech am cal properly o f  the a llo y s  
from  the resu lts of X R D , op tica l m icro sco p y  and  
m icroh ard n css stu d ies.
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